It is generally accepted that halothane reduces airway and tissue resistance in lungs with preexisting airway tone. However, under conditions of resting airway tone, pulmonary resistance remains unaltered. In this study, we have determined the effects of halothane on respiratory system, pulmonary and chest wall resistive, elastic and viscoelastic mechanical properties, and related the results to findings from lung histology in intact normal rats. Sixteen adult male Wistar rats were allocated randomly to one of two groups (nϭ8 in each group): control or halothane group. In the control group, animals were sedated with diazepam 5 mg i.p. and anaesthetized with pentobarbital 20 mg kg -1 i.p. In the halothane group, the anaesthetic was administered at an end-tidal concentration of 1 MAC throughout the study. Rats were paralysed and underwent mechanical ventilation. Halothane decreased airway resistance but increased the tissue component of resistance (caused by viscoelastic elements and lung inhomogeneity). Static and dynamic elastance also increased with halothane anaesthesia. Pulmonary resistance remained unchanged. Lung histopathology demonstrated airway dilatation and a greater degree of lung collapse and hyperinflation in the halothane group. We conclude that halothane anaesthesia acts both on airway and lung tissue. In airway tissue, dilatation occurs but the lung periphery stiffens. Consequently, these opposing effects result in no overall apparent change in mechanical properties, although changes are observed during halothane anaesthesia in normal animals and subjects.
Halothane is a volatile anaesthetic agent which can decrease chest wall mechanical properties were subdivided into resistive, elastic and viscoelastic components during high pulmonary resistance caused by stimulation of the halothane anaesthesia in normal rats, to define the sites of vagus nerves or by administration of methacholine, action of this anaesthetic agent. In addition, lung histology histamine or specific allergens. [1] [2] [3] This attenuation is was performed to support the physiological findings. believed to be caused by bronchodilatation and decreased tissue resistance. 3 4 However, in some reports, halothane had no effect on basal resistance or compliance of the lungs
Materials and methods
in the absence of active smooth muscle tone. 5 6 These discrepancies on respiratory mechanics in animals with All animals received humane care in compliance with the normal airway tone could result from: (a) comparison of 'Principles of Laboratory Animal Care' formulated by isolated with intact preparations, (b) variability in lung the National Society for Medical Research and the 'Guiding volume, (c) simultaneous use of more than one anaesthetic Principles in the Care and Use of Animals' approved by agent and (d) diversity of methods used for determining the Council of the American Physiological Society, USA.
The experiments were performed in two groups of lung resistance. In this study, respiratory system, lung and isogenic adult male Wistar rats. In the first group (control) digital converter (DT-2801A, Data Translation, Marlboro, MA, USA), and stored on a microcomputer. All data (nϭ8, mean body weight 305 (SD 4) g; range 300-310 g), rats were sedated with diazepam 5 mg i.p. and anaesthetized were collected using LABDAT software (RHT-InfoDat Inc., Montreal, Quebec, Canada). with pentobarbital 20 mg kg -1 i.p. In the second group (halothane) (nϭ8, mean body weight 299 (8) g; range Neuromuscular block was achieved with gallamine triethyliodide 2 mg kg -1 i.v., and artificial ventilation was 290-310 g), animals were anaesthetized with 1 MAC (0.95Ϯ0.02%) of halothane. Halothane was administered provided by a Salziner constant flow ventilator (Instituto do Coração-USP, São Paulo, SP, Brazil). During the test via a vaporizer (Flu-o-Pen, Narcosul, Porto Alegre, Brazil) through which a flow of air was passed. A tightly fitting breaths, a 5-s end-inspiratory pause was generated by adjusting the ventilator settings, whereas during baseline cannula (1.5 mm id) was introduced into the trachea through a tracheotomy. Halothane was then delivered to the animal ventilation no pause was used. To avoid the effects of different flows and tidal volumes 10 11 and hence inspiratory using a T-piece system attached to the tracheal cannula. There was no appreciable change in tracheal pressure. duration 12 on the measured variables, special care was taken to maintain tidal volume (Vϭ2 ml) and inspiratory flow Anaesthesia was maintained throughout the experiment at stage III, assessed by pupil size and position, response to (V ϭ10 ml s -1 ) constant in all animals. Breathing frequency remained constant and equal to 100 bpm during the light, position of the nictitating membrane and tone of the jaw muscles. All animals were placed in the supine position experiment. Duration of inspiration (TI) was set at 0.2 s and TI/TT was 0.33. on a surgical table.
A pneumotachograph (1.5 mm id, length 4.2 cm, Respiratory mechanics were measured from endinspiratory occlusions after constant flow inflations (Fig. distance between side ports 2.1 cm) 7 was connected to the tracheal cannula for measurements of airflow (V ) and 1). 12-15 After end-inspiratory occlusion, there is an initial fast decrease in tracheal pressure (∆P1,rs) from the preocclusion changes in lung volume (V). The pressure gradient across the pneumotachograph was determined using a Validyne value down to an inflection point (Pi,rs). Values of Pi were obtained by back-extrapolation to the time corresponding MP45-2 differential pressure transducer (Northridge, CA, USA). The flow resistance of the equipment (tracheal to Pmax using computer-fitted curves, as described by Jackson, Milhorn and Norman. 16 This was facilitated by cannula included) was constant up to flow rates of 26 ml s -1 (well above the inspiratory flow used in the taping the records against time expansion as required. A slow pressure decay (∆P2,rs) ensues until a plateau is present experiments, see below), and was 0.003 kPa ml -1 s. Equipment resistive pressure (ϭReq.V ) was subtracted reached. This plateau corresponds to the elastic recoil pressure of the respiratory system (Pel,rs). ∆P1,rs selectively from respiratory system and pulmonary resistive pressures so that our results represented intrinsic values, assuming reflects the pressure required to overcome the combination of airway, pulmonary and chest wall resistances in normal that the upper airways were bypassed. Because abrupt changes in diameter were not present in our circuit, errors animals 10 12 15 and humans, 11 and ∆P2,rs reflects the pressure spent on viscoelastic properties or stress relaxation of lung of measurement of flow resistance were avoided. 8 The equipment deadspace was 0.4 ml. Tracheal pressure (Ptr) and chest wall tissues, together with a small contribution from pendelluft (static readjustment of dynamic regional was measured at the side port of the tracheal cannula with a Hewlett-Packard 270 differential pressure transducer lung volume differences resulting from time constant inequalities) in normal situations. 11 15 The same procedures (Waltham, MA, USA). Changes in oesophageal pressures (Pes), which reflect chest wall pressure (Pw), were measured apply to chest wall pressure (Pw), giving values for ∆P1,w, Pi,w, ∆P2,w and Pel,w, respectively. Transpulmonary with a 30-cm long water-filled catheter (PE205) with side holes at the tip connected to a PR23-2D-300 Statham pressures (∆P1,L, Pi,L, ∆P2,L and Pel,L) were calculated by subtracting chest wall data from the corresponding values differential pressure transducer (Hato Rey, Puerto Rico). The catheter was passed into the stomach and then slowly pertaining to the respiratory system. Total pressure decrease (∆Ptot) is equal to the sum of ∆P1 and ∆P2 giving values withdrawn into the oesophagus. Correct positioning was assessed using the occlusion test. 9 This test compares ∆Pes of ∆Ptot,rs, ∆Ptot,L and ∆Ptot,w.
Respiratory system, lung and chest wall static elastances and ∆Ptr during spontaneous inspiratory efforts subsequent to airway occlusion at end-expiration. In all instances, ∆Pes (Est,rs, Est,L and Est,w, respectively) were calculated by dividing Pel,rs, Pel,L and Pel,w, respectively, by VT. was close to ∆Ptr; the difference did not exceed 3%. The frequency responses of Ptr and Pes measurement systems Dynamic elastances of the respiratory system, lung and chest wall (Edyn,rs, Edyn,L and Edyn,w, respectively) were were level up to 20 Hz, without appreciable phase shift between the signals. All signals were conditioned and obtained by dividing Pi,rs, Pi,L and Pi,w, respectively, by
VT. ∆E was calculated as the difference Edyn-Est, giving amplified in a Beckman type R Dynograph (Schiller Park, IL, USA). Flow and pressure signals were also passed values of ∆E,rs, ∆E,L and ∆E,w. Data relating to respiratory system, lung and chest wall elastances were presented in through 8-pole Bessel filters (902LPF, Frequency Devices, Haverhill, MA, USA) with corner frequency set terms of static elastance and ∆E instead of dynamic elastance as the former represent, respectively, the elastic and viscoat 100 Hz, sampled at 200 Hz with a 12-bit analogue-to-FasTrac (Yorba Linda, CA, USA), and values were 4.9-5.6 kPa and 95-98%, respectively.
Immediately after measurement of respiratory mechanics with the animal still alive, the trachea was clamped at endexpiration and the abdominal aorta and vena cava were sectioned, yielding a massive haemorrhage that quickly killed the animal. Functional residual capacity (FRC) was determined in the following way: the lungs were removed rapidly (on average, in 90 s) and submerged in warm (37°C) 0.9% NaCl solution (saline), the volume displaced was noted and the lungs were weighed. FRC corresponds to the difference between the saline displaced (ml) and lung weight (g), assuming that tissues and saline have identical densities and are equal to 1.0. 18 After measurement of FRC, the lungs were snap-frozen by immersion in liquid nitrogen to perform a morphometric study. 19 Tissues were fixed in Carnoy's solution (ethanol: cloroform:acetic acid, 70:20:10 by volume) at -70°C for 24 h. Progressively increasing concentrations of ethanol at Ϫ20°C were then substituted for Carnoy's solution until 100% ethanol was reached. Tissues were maintained at -20°C for 4 h, warmed to 4°C for 12 h and then allowed to reach and remain at room temperature for 2 h. After fixation, tissue blocks obtained from mid-sagittal slices of the lungs at the level of the axial bronchus were embedded in parafin. Blocks were cut 4-µm thick using a microtome. distinct from that of alveoli and wider than 120 µm) were determined using the point-counting technique, 19 at a magnification of ϫ40 across 10 random, non-coincident elastic properties of the respiratory system. 12 Measurements microscopic fields. The internal diameters of the central of respiratory mechanics were performed 6-8 times in each and peripheral airways were computed by counting the animal in both groups. Immediately before the data sampling points falling on the airway lumen and the points falling period, the airways were aspirated to remove mucus collecon airway smooth muscle and on the epithelium. The tion and the respiratory system was inflated three times to perimeters of the airways were estimated by counting total lung capacity (TLC) to maintain volume history the intercepts of the lines of the integrating eyepiece with constant. The experiments lasted ഛ30 min.
the epithelial basal membrane. This procedure was repeated The delay between the beginning and end of valve closure four times for each airway. The areas of smooth muscle (10 ms) was compensated for by back-extrapolation of the and airway epithelium were corrected in terms of airway pressure records to the actual time of occlusion, and the perimeter by dividing their values by the number of intercorrections in pressure, although minute, were performed cepts of the line system with the epithelial basal membrane as described previously. 17 of the corresponding airway. Because the number of All data were analysed using ANADAT data analysis intercepts (NI) of the lines with the epithelial basal memsoftware (RHT-InfoDat Inc., Montreal, Quebec, Canada).
brane is proportional to the airway perimeter, and the number A continuous record of changes in transcutaneous of points (NP) falling on airway lumen is proportional to carbon dioxide level (P CO2 ) and arterial blood oxygen saturation (Sa O 2 ) was performed using a SensorMedics airway area, the magnitude of bronchoconstriction Table 1 Respiratory data in rats anaesthetized with pentobarbital (control group) and halothane (halothane group). Values are mean (SD) [range] of eight animals (8-10 determinations/rat). rsϭRespiratory system; Lϭlung; wϭchest wall; ∆Ptot, ∆P1 and ∆P2ϭtotal, initial and slow pressure decreases after end-inspiratory occlusion, respectively; Estϭstatic elastance; ∆Eϭdifference between dynamic and static elastances. nsϭNo significant difference between control and halothane groups
Control group
Halothane group P ) . In all halothane than in control group because of an increase in ∆P2,L (86%). Consequently, there were no significant cases both conditions were satisfied, and one-way analysis of variance (ANOVA) was used. If multiple comparisons differences between groups for ∆Ptot,rs or ∆Ptot,L. Halothane anaesthesia produced Est,rs, Est,L, ∆E,rs and ∆E,L were required, the Student-Newman-Keuls test was applied. Significance was set at 5%.
values that were greater than those in the control group (ϩ39%, ϩ50%, ϩ59% and ϩ87%, respectively). Mean percentages of normal, collapsed and hyperinflated
Results
areas in the control, halothane and CD groups are shown There were no significant differences between groups for in Table 2 . Halothane produced a greater degree of collapse mean constant inspiratory flow or volume (Table 1 ). There and hyperinflation compared with the control and CD was no significant difference in FRC between the control groups. An increased internal diameter of the central airways and halothane groups.
was also detected in the halothane compared with the Table 1 shows respiratory system, lung and chest wall control and CD groups. There was no difference between ∆P values, static elastances and ∆E values obtained in the control and CD groups. control and halothane animals. ∆Ptot,w, ∆P1,w, ∆P2,w, Est,w and ∆E,w were identical in both groups. In rats
Discussion
anaesthetized with halothane, ∆P1,rs was 35% less than in those anaesthetized with pentobarbital because of a smaller Our main finding in rats with no pre-existing airway tone was that halothane anaesthesia decreased pulmonary ∆P1,L (37%). In addition, ∆P2,rs was greater (57%) in the resistive pressure dissipation (i.e. airway resistance) and increase in the percentage values for alveolar hyperinflation and collapse in the halothane group. From a total of increased viscoelastic/inhomogeneous and elastic pressures applied to the lung (reflecting stiffening of lung tissues). 800 fields in the halothane group, only 2% demonstrated hyperinflation associated with alveolar collapse. Thus it The former findings were supported by the histological demonstration of airway dilatation and the latter were seems that relaxation of the airways and atelectasis (the latter possibly caused by changes in surfactant properties 27 ) related to increased areas of collapse and hyperinflation. Under the conditions studied, total pulmonary pressure produced by halothane anaesthesia, could be sufficient to affect regulation of the distribution of ventilation. Under dissipation (i.e. pulmonary resistance) during halothane administration remained unchanged, in agreement with these conditions pendelluft and mechanical inhomogeneities could be made worse, increasing ∆P2,L. In two previous previous results. 5 6 Consequently, these opposite effects resulted in no apparent change in mechanical properties studies, tissue resistance decreased during halothane anaesthesia. 3 4 In the first study, 3 the analysis was performed in when 'total' behaviour was considered. However, there were reciprocal changes in 'total' mechanics during halothane isolated lungs that had been previously degassed and inflated to an airway pressure of 2.5 kPa, and in the second, 4 the anaesthesia in normal animals and subjects.
Halothane inhibits increased pulmonary resistance pro-vagus nerve was stimulated in an open-chest approach.
Hence these experiments are not comparable. duced by stimuli such as Ascaris antigen, histamine, methacholine and vagus nerve stimulation. [1] [2] [3] [4] Vettermann
As shown in Table 1 , the overall pressure (∆Ptot,L) used to overcome resistive and viscoelastic (central and peripheral and colleagues applied alveolar capsules to the pleural surfaces of dogs during halothane anaesthesia and observed mechanical components) elements was not modified by halothane, and is consistent with previous measurements that airway and tissue resistances decreased whereas pulmonary elastance remained unaltered. 3 The same of pulmonary resistance. 5 6 This finding derives from a statistically significant decrease in ∆P1,L, together with an resistive changes were described using P-V curves. 3 Gallamine, an antagonist of muscarinic M2-type recep-increase in ∆P2,L. In contrast, in previously constricted airways, a decrease in pulmonary resistance was reported tors, was used to produce neuromuscular block and many studies have shown that although it has anticholinergic after halothane administration. [1] [2] [3] [4] As chest wall pressures were not altered by halothane (Table 1) , respiratory properties, airway resistance is unchanged. 21 22 Barbiturates can inhibit vagal reflexes 23 and directly contract or relax mechanics reflect the pulmonary component.
Halothane produced a higher Est,L which caused an airway smooth muscle, depending on the dose 24 and species studied. To verify the effects of pentobarbital and gallamine increase in Est,rs ( Table 1 ), indicating that the pulmonary and respiratory system elastic components of respiratory in our preparation, another group of rats was killed by cervical dislocation (CD) and their lungs analysed histo-impedance were augmented under the present experimental conditions, as reported previously. 6 The increase in Est,L logically. The same histological pattern was observed in the control and CD groups, suggesting that pentobarbital could be attributed to atelectasis (Table 2) . However, a change in surfactant properties cannot be excluded. 27 and gallamine did not significantly alter lung morphometry compared with CD animals. Consequently, the mechanical ∆E,rs and ∆E,L increased significantly during halothane anaesthesia whereas ∆E,w remained unaltered (Table 1) , properties of both groups were probably similar.
As shown in Table 1 , halothane anaesthesia produced suggesting that lung (and thus respiratory system) viscoelasticity/inhomogeneity became more prominent after smaller pulmonary resistive pressure dissipation. As reported previously, pulmonary resistive pressure is directly halothane anaesthesia. This finding was confirmed by the increase in ∆P2,L (Table 1) , as discussed above. During related to airway resistance. 25 It follows that in our study, halothane produced a decrease in airway resistance. Halo-halothane anaesthesia, Edyn,L is elevated. 4 We demonstrated that both its static (Est,L) and viscoelastic (∆E,L) thane anaesthesia increased the internal diameter of the central airways (ϩ57%), supporting our mechanical find-components contributed to the increase in Edyn,L. A decrease in Edyn,L has also been reported, but these ings. This finding is consistent with previous measurements of lung resistance in stimulated airways, [1] [2] [3] [4] and could be experiments were performed in previously constricted lungs 26 or in isolated lobes. 3 explained by a neural reflex pathway and/or a direct action on the smooth muscle cell and its receptor systems. 26 In
The effect of halothane on airway resistance depends on the interaction between the effects of a reduction in lung addition, direct actions of halothane on airway smooth muscle can only be significant if sufficient neural traffic volume and anaesthetic-induced relaxation of airway smooth muscle. 28 This could explain why halothane does not reaches the smooth muscle cell. 26 Therefore, the relative importance of neurally mediated and direct effects of apparently affect pulmonary resistance. In our experiments, volume, flow and breathing frequency were similar in both halothane in antagonizing bronchoconstriction are dependent strongly on the applied stimulus and on the preparation groups, and there was no significant difference in FRC between the control and halothane groups. Hence the (intact vs isolated lungs).
In our study, ∆P2,L increased significantly (Table 1 ) mechanical changes were solely a result of halothane anaesthesia. during halothane anaesthesia. Lung histology showed an 12 Similowski T, Levy P, Corbeil C, et al. Viscoelastic behavior of In summary, we found that halothane anaesthesia in rats lung and chest wall in dogs determined by flow interruption. J without pre-existing airway tone (1) 
